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Water Impact Statement

The desalination characteristics of capacitive desalination are strongly influenced by the resistive
components of the system. Here we provide a comprehensive practical overview of a CDI cell’s resistive
components both experimentally and theoretically. In doing so, we detail new methods for separating
the impact of contact vs. electrode effects as well as provide an explanation of poorly understood
impedance features.
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Abstract

The desalination characteristics of capacitive deionization (CDI) are significantly impacted
by the cell resistance. Here we apply electrochemical impedance spectroscopy (EIS) to
analyze the resistive properties of a CDI device, which include EIS measurements on a
complete assembled cell (in two wire mode) and EIS measurements with additional
contacts to decouple electrode/electrolyte and contact impedances (four wire mode).
These measurements shed light on the interface between current collector and electrode
and the internal capacitive and resistive elements of the cell. With two-wire and four-wire
EIS measurements, we find that the often-observed high-frequency arc(s) in the impedance
spectra can be due to contact effects and/or an internal ionic-transfer resistance that is

locally in parallel with macropore wall capacitance. In some cases, the two associated arcs
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in the Nyquist plot are overlapping and present simultaneously, making their identification
in the EIS spectra difficult unless both two-wire and four-wire measurements are made.
Despite causing a large high-frequency arc in the Nyquist plot, we find that the apparent
internal ionic-transfer resistance is negligible compared to the resistances of the electrode,
separator, and external electronic components. An investigation of the contact impedance
between the electrode and current collector reveals a parallel RC arc that can grow over
time if an improper material is used (e.g., titanium). In our system, the electrode ionic
resistance dominates the total Ohmic power dissipation, which has implications for scale-

up of CDI systems and future improvements of cell design.

Introduction

Capacitive deionization (CDI) is a technique for water desalination that could be
economically viable for selectively removing ions or treating low salinity water (e.g. <20
mM NaCl or 1200 ppm equivalent salinity).!=” In typical CDI operation, a voltage is applied
to a pair of porous carbon electrodes and ions are pulled from the water to form electrical
double layers (EDLs) within the pores of the electrodes. Subsequently the electrodes are
discharged in order to release the ions into a concentrate stream and prepare the device for
another desalination phase. Two of the main energy drains are resistive losses and
parasitic Faradaic reactions. Faradaic reactions can be managed by limiting the maximum
voltage and the time spent at elevated voltage, while resistive losses can be reduced by
applying lower-magnitude current densities and decreasing the system resistances.?® In
high-current conditions, which are necessary for high-throughput operation, reducing
resistive losses is especially important given that RC and transmission line-type charging

physics underlie the charging dynamics.1%!! Since the system resistances influence both salt
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removal rate and energy consumption, it is an especially important characteristic to
understand and minimize.

In order to reduce resistive losses, the system resistances due to various components
must be isolated, understood, and quantified. CDI technology is similar to that of
supercapacitors, and several electrode impedance models are common to both
technologies.'?-2° Similarly, a large body of work has focused on the development of new
materials for CDI electrodes,?22 much of which includes resistance characterization.23-38
However, materials-focused studies (particularly ex situ measurements of electrode
material) often do not provide an in-depth analysis as to what mechanisms underlie the
different features observed in the impedance spectra. Additionally, many
resistance/impedance studies do not consider all resistive components of the system,
making the overall contribution of a given component unclear. For example, the lack of a
clear picture of the various resistances has led to recent controversy regarding predictions
of CDI performance with simple resistive models,3-4? and this prompts a deeper look into
the resistances of CDI cells.

A primary example of poorly understood resistance characteristics in porous electrode
systems is the anomalous arc in the Nyquist plot at high frequencies (Fig. 1 (d)), indicative
of parallel capacitive and resistive behavior. There is no consensus among the models and
experimental studies as to what causes this high-frequency arc, which has been attributed
to ion transport, %24 electrode geometry,32033 electrode-electrolyte interfaces,3? interfaces
among activated carbon particles,?>-27 interfaces between current collectors and electrode
material,?®43 surface chemistry of the electrode,** an unexplained transfer resistance,3%3! or
some combination of these effects.37-3845 This is most concerning because a simple parallel
RC interpretation of the feature suggests that it is a significant hindrance to charging rate

capability and a major contributor to the Ohmic power dissipation. The presence of such
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unknown components makes it difficult to assess the relative importance of the various
resistances to the Ohmic power dissipation and charging rate capability.

Apart from the unclear cause(s) of these arc shapes in Nyquist plots, there are other
poorly understood resistances in a full CDI cell. Although there have been several studies of
supercapacitor device resistances,'>244647 the relative contribution of resistances to overall
impedance in a CDI cell are very different as the CDI electrolyte concentration is typically
about two orders of magnitude lower than that of supercapacitors. There are some studies,
however, that have focused on resistances in full CDI cells. For example, Qu et al*® found
that, in their devices, the impedance of the contact between the current collector and the
electrode was the largest contributor to the overall Ohmic dissipation and was responsible
for the anomalous high-frequency impedance arc.*® They further found that the
contribution of contact resistance can be reduced with pressure or through the use of a
conductive silver
epoxy, similar to previous results with Li-ion electrode current collector connections.*%°0
Dykstra et al>!' analyzed resistances in membrane CDI (MCDI) cells throughout a
desalination cycle using a combined modified-Donnan and one-dimensional (1D) transport
model. Their results originally showed ionic resistances in the separator channel of the cell
to be the most significant, though their definition of ionic resistances in the electrodes was
later refined and the contribution of electrode ionic resistances was shown to be more
comparable to the separator ionic resistances.>>>? Van Limpt investigated many aspects of
CDI cell resistances and found that, at typical CDI electrolyte concentrations, the electrode
ionic resistances were the main contributor to the Ohmic power dissipation of the cell.
Notably, Van Limpt ascribed the anomalous high-frequency arc in the impedance spectrum
to a temperature dependent charge-transfer reaction but admitted that the mechanism

behind the charge-transfer process was unclear.>3
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Although not initially employed at CDI-relevant concentrations, a model applicable to
CDI cells was developed by Suss et al.'* to describe the impedance of hierarchically porous
electrodes. They described a network of mesoporous transport pores with smaller storage
pores along the walls using a nested transmission line model. This model allows for the
extraction of the resistance and capacitance of transport and storage pores from an
impedance spectrum. Suss et al.'* accounted for the anomalous high-frequency impedance
arc by including a resistance to enter the storage pores, termed Rg,,-nn- It is noteworthy
that the Suss et al.1* model embeds R,;-,, as a nested transmission line element rather than
placing it in parallel to the transmission line as in most other commonly applied equivalent

circuits.24,30,31

Here we extend the work of Qu et al,*8 Van Limpt,>3 Suss et al.'* and Dykstra et al.>! in
examining the resistances of an entire CDI cell. We present and verify a breakdown of CDI
cell resistances which can be easily extracted from an EIS measurement without
complicated fitting. By examining each component of the resistance breakdown, along with
the corresponding impedance spectrum features, we resolve which resistances are most
important for our system and explore the implications for cell design and scaleup. By
comparing impedance measurements at different electrode thicknesses, electrolyte
concentrations, and in two- and four-wire measurement modes, we clearly separate the
effects of the current collector contact from other electrode and cell impedance effects.
Using this technique, we find that there are in fact two different contributors to the
observed high-frequency impedance arcs, one of which is due to contact effects as seen by
Qu et al*® and the other due to the so-called internal ionic-transfer resistance as alluded to
in Suss et al.'* By applying a modified version of the model developed by Suss et al.,'* we
find that the internal ionic transfer resistance, although responsible for a large arc in the

impedance spectrum, is in fact not a significant contributor to the overall Ohmic
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dissipation. Instead, for our system, we find that the ionic resistances of the electrolyte

within the electrodes is the most significant contributor to Ohmic power dissipation.

Theory

The impedance of a CDI cell, as measured via EIS, can be described by the following

equations, modified from Suss et al.'*

Z‘Ew e ZEE! + Z:iw

R (1)

ZEL‘[ = RL’:‘E!LS + : contact
’ ! + ?wRuonLaciCconLact (2)

zm:Rm+Rw+Aﬁ§;§mm( %ﬂ)

w (3)

1 —1

Ly = T:Ou'Cw + —)
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Lot = 7‘!?1 coth [(iwTs)"]

(?'L‘JTSE) (5)

where Z,, and Z,, are the total device impedance measured in two-wire and four-wire
measurement modes, respectively, Z;; is the external electronic impedance, R is the
series resistance of the external electronic impedance, R.on:qc¢ iS the resistance of the contact
between the current collectors and electrodes, C.,.c: i the capacitance of the contact, w is
the angular frequency of the applied voltage sine wave, Ry is the internal electronic
resistance (e.g. in-plane resistance of the solid electrode), Ry, is the ionic resistance of the
separator, R, is the electrode macropore ionic resistance, Z, is the macropore wall
impedance, Cy, is the wall capacitance, R is the resistance in parallel with ionic capacitance
along the micropore wall (here called internal ionic-transfer resistance), Z is the storage

pore impedance, R, is the storage pore resistance, 7 is the storage pore characteristic time,
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and n is the anomalous diffusion order parameter.°*>> The anomalous form of Z; was

needed to fit the low frequency

distribution of storage resistances

impedance data, and accounts for the full effect of a

within the micropores of the material, though the fitted

order parameter ranged from n = 0.38-0.48 (see supporting information Table S1), which is

close to its non-anomalous value of n = 0.5. The CDI cell equivalent circuits corresponding

to Eqns. (1-5) are illustrated in Fig.

1.
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Figure 1: (a) An individual CDI cell with marked dimensional variables as well as a full cell
in a four-wire measurement setup with impedances indicated from Eq. 2 and a SEM image
of the electrode material. The activated HCAM material has macropore porosity p,4 and
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tortuosity t,4. (b) The nested transmission line circuit model described by Eqns. 3-5. (c)
The equivalent circuits for two-wire and four-wire measurment modes of a cell (Eqns. 1
and 3). d) Representative EIS spectra calculated from Eqns. 1-5 with Ry, + Rggr=1 ,

Ry=0.15Q,C¢=45F, Rua=7Q, Rt=0.3Q,C,=0.2F,n=0.5, Rezs=3 Q,

Reontace = 5 Q, and Ceoneaee = 0.15 F. These values were chosen to represent fits of measured
spectra (Table S1). Resistance designations follow from Eqns. (6 - 8).

A simple interpretation of the cell impedance can be obtained by examining the real-
component location of certain features in the Nyquist plot as illustrated in Fig. 1 (d). From

this interpretation, the following resistances can be

identified>®
Rfm: — R!EH + R-.s‘p + 2Ref

lpT
R _ P sp
P

v Aﬁp.sp
R, — leiTmA K+0o ~ lfil'TTJ’LA 1
o SApmA ve) ~ 3/4-10771‘4 I
(6)
(7)
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where R, is the resistance of one electrode, I, is the thickness of an electrode, I, is the
thickness of the separator, 7,4 is the tortuosity of the macropore structure,*85758 4 is the
electrode face area, p;), is the separator porosity, p,,4is the electrode macroporosity, k is the
electrolyte conductivity, and o is the electrode conductivity (here 22 + 8 S/cm). For our

system,” > K (0/k =~ 104), which means that (k + 0)/ko = 1/k. It is noteworthy that our

electrodes have high electrical conductivity due to their monolithic structure. The
approximation that the solid electrode resistivity is negligible compared to the ionic
resistivity may not hold in other systems where the electrode resistivity can be several
orders of magnitude higher (o/x ~ 101).51 The factor of 2 in front of R.;in Eqn. 6 comes from

the fact that there are two electrodes and the factor of 1/3 in Eqn. 8 comes from the
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transmission-line physics associated with porous system charging.>®¢ We also note that the
macroporosity (pms) and tortuosity (t,4) are often linked via an effective medium-type

approximation.>® For example, the Bruggeman approximation is often used,*® which

—1/2
predicts that "mA = Pma . Fig. 1 (@) schematically shows the cell construction and
manifestations of various parameters in Eqns. (1-8) while Fig. 1 (d) shows the

corresponding locations of Eqns. (6-8) on a Nyquist plot.

Experimental

Materials

We performed EIS measurements using hierarchical carbon aerogel monolith (HCAM) elec-

trodes as a model system.®0-63 SEM images of the HCAM material used are shown in Fig. 1
(a) and Fig. S1. The bulk material characteristics underlying the material for the various
electrode thicknesses investigated here are given in Table 1, where p,, is the estimated
total porosity of the electrode material, p,; is the porosity of micropores, and p, is
macropore porosity as defined in Eq. 8. For representative porosity characteristics, we
refer to the prior work of Hawks et al.®3 For reporting specific capacitance in Table 1, we
used 2M NaCl as the electrolyte for its ease of analysis and to have a more representative

value when compared to previous measurements on the same materials system.!*

Table 1: Electrode Material Properties*

lei (um) | A(cm?) | Mass/electrode (g) (& /fmg) Prot Pmi Pma cin (ZF/'\{'g)NaG
355 5 0.103 0.580 | 0.702 0.17 0.532 84.1
600 5 0.164 0.547 | 0.720 0.17 0.550 87.7
1025 5 0.285 0.556 | 0.715 0.17 0.545 86.3

*pror 1S the total porosity calculated assuming pegrpon = 1.95 g/cm3 and por = 1 — p/Pearbon-

Here p,,;is assumed to be 0.17 and p,,4 is calculated from p,,4 = prot— Pmi-®3
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Contact Resistance Characterization

We fabricated flow-through electrode CDI cells (fte-CDI) to test the impedance models and
the effect of current collector contacts. Each cell was built using two 2 x 2.8 cm slices of
HCAM with thicknesses between 350 and 500 um. We separated the HCAM electrodes with
90 um polyester plastic mesh (McMaster-Carr 9218T73). Each electrode was placed in
contact with two current collectors made of either titanium foil,®! gold wire, or graphite foil
(Panasonic EYG-S121803DP). The assembly of electrodes, separator, and current
collectors, seen in Fig. 1 (a), was sandwiched between two acrylic plates and the cell was
sealed with epoxy.®163 Inlet and outlet ports were cut into the acrylic plates to allow for
water flow through the cell.

In preparation for impedance measurements, we conditioned the cells by performing at
least 10 cyclic voltammetry (CV) cycles at 1 mV/s between + 0.8 V with 1.9 mL/min flow of
20 mM NacCl. We then discharged the cells at 0 V for at least 30 min and sealed them with
20 mM NacCl inside. Cell impedance was characterized by EIS using a BioLogic VSP-300
potentiostat, applying a 10 mV amplitude sinusoidal voltage at 0 V bias over the frequency
range from 700 kHz to 40 mHz. Four-wire measurements were performed by connecting
the sense and source probes to two separate current collectors as shown in Fig. 1 (a) while

in two-wire measurements the sense and source probes were shorted together externally.

Separator and Electrode Resistance Characterization

For electrode and separator characterization, two 2 x 2.5 cm HCAM slices of thickness 355,
600, or 1025 um (Table 1) were separated by polyester plastic mesh and contacted with a
four-point probe. We placed the electrode-separator assembly in a sealed and stirred
beaker containing 0.5-1 L of NaCl solution with concentration varying from 15 mM to 2000

mM. Some tests were also performed in 15mM solutions of NaBr and NaF. Importantly,

10
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before we measured impedance, the electrodes were conditioned by performing 3-6 CV
cycles at 1 mV/s between + 0.8 V and discharged at short circuit for 30-45 min. Impedance
was measured using a 10 mV sinusoidal voltage signal at 0 V bias, scanning over the

frequency range from 700 kHz to 40 mHz.

Results and Discussion

Contact Resistance

The impedance spectra of CDI cells in aqueous NaCl electrolytes have several distinct
features as seen in Fig. 2. The main features are one or two medium to high-frequency arcs,
a real-component offset which comes from a combination of electronic and separator
resistances, a ~22-45° linear section due to electrode ionic resistance (sometimes not
visible due to contact or internal ionic-transfer arcs),'* and a nearly vertical line at low
frequency due to the capacitive nature of the device. Confounding previous studies is the
fact that the two high-frequency arcs are not always observed and are often confused with
one another. The presence of the high-frequency arc(s) depends on electrode material,
current collector material, and testing conditions. As we will discuss below, our
measurements suggest that one of these arcs is due to the resistance and parallel
capacitance nature of the contact between the current collector and electrode. The second
is likely an ionic transfer mechanism within the electrode itself which we will discuss
below.

We use the four point probe to deconvolute the external electronic impedance (Z)
from the resistances inside the cell. To this end, we subtract the four-wire impedance (Zy,,)
from the two-wire impedance (Z3,,). This operation allows us to isolate Z;; and definitively
identify which features of the impedance spectra are due to current collector contact effects

and which are due to internal cell processes. Fig. 2 shows representative Z;; curves for CDI

11
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cells built with different current collector materials: titanium foil, gold wire, and graphite
paper (graphoil). Several cells were built with each material and all showed Z; curves
similar to those in Fig. 2. It is clear from Figs. 2 (a) and 2 (b) that contacts with gold wire
and graphoil have a negligible capacitive component and act as pure resistors with Im(Z:)
= 0 at all frequencies measured. However, the contact between titanium foil and the HCAM
has a significant parallel RC component as shown by the arc in Fig. 2 (c). Furthermore, the
impedance arc due to R;y,qc: With Ti contacts grows with time, resulting in an increased Ry
and therefore a higher total cell power loss (Fig. 3). The growth in external electronic
resistance with a Ti current collector occurred without applied voltage or flow of
electrolyte and did not manifest in cells with Au wire or graphoil current collectors (Fig. 4
(a))- As observed in Fig. 3, all of the change in Z;; over time with Ti contacts occurred in the
contact arc, while the real intercept at high-frequency remained constant, indicating that it
was the physical contact between the Ti and HCAM electrode that degraded over time,

rather than Ry

12
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Figure 2: Representative EIS spectra of CDI cells with different current collector materials.

All cells measured demonstrated similar bahavior. Each cell contained two 2 x 2.8 cm
electrodes and was tested in stagnant 20mM NaCl.

13



Page 15 of 41

Environmental Science: Water Research & Technology

150 T r
Aging Time

2~ 125 o= 18 (hr) === 122 (hr)
£ 26 (hr) =161 (hr)
C 100} 90 (hr) —— 186 (hr)
gt 114 (hr) s 265 (hr) )
o 75l Increasing |
[NLU m0=1/(RcontadCcontact) time
£ 50}

25¢

0

0 25 50 75 100 125 150 175

Re(Zgg) (Q-cm?)

Figure 3: The change over time of the external electronic impedance (dominated by contact
impedance) of a CDI cell with Ti foil current collectors (i.e. time evolution of the red arc in
Fig. 4 (c)). The time corresponds to that elapsed since the initial conditioning of the
electrodes. Between measurements, the cell was left stagnant in 20mM NaCl solution.

Extracted values of Rypiaccand Ceoneqee OVer time can be found in Figs. 4 (a) and 4 (b).
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Figure 4: (a) Contact degradation over time for CDI cells with three different current
collector materials. The time is that elapsed since the initial conditioning of the electrodes.
Between measurements, the cell was left stagnant in 20 mM NaCl solution. (b) The change
over time of the contact capacitance (Ccontace) Of the CDI cell with Ti foil current collectors in
(a). The data was extracted from the impedance curves shown in Fig. 3 by using the
resonance frequency at the top of the arc and the measured resistance (wo, =

1/ Rcontactccontact) .

The RC arc observed with the Ti contact could indicate that there is a gap between the
current collector and the HCAM electrode. Interestingly, though, an investigation of contact
resistance in different electrolyte concentrations (Fig. 5) shows that the controlling
element between the Ti foil and the HCAM contact does not depend on solution
conductivity, which suggests a solid-state origin (e.g. oxidation) as the source of the

impedance arc. This finding is also supported by the fact that the feature only occurs with
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the Ti current collectors, which are known to oxidize more than gold or graphite.
Furthermore, if the capacitive behavior were related to cell design or caused by a physical
peeling apart of the electrode and current collector, the effect would likely be contact-
material independent. However, since the degradation is seen only with Ti current
collectors, it suggests a contact-material specific cause. Interestingly, the capacitance of the
Ti current collector contact does not change significantly with time (Fig. 4 (b)), remaining
at ~80 pF after 300 hours of aging. The stable capacitance over time is certainly
inconsistent with uniform oxide growth, which would likely lead to a decrease in
capacitance as the passivation layer grew thicker. One possible mechanism is that a
localized passivating oxide layer increases in resistivity over time but does not appreciably
change dimensions. Regardless of the mechanism causing it, the presence and growth over
time of a contact impedance arc indicates that Ti is not a good current collector material for

CDI.64-66

Concentration (mM NaCl)

3.0 20 40 60 80 100
s ) l ' ' Electrorlvte Depenaence
[= — — concentration-
S 25F dependent resistor
s Tifoil —a— experimental data
t)' 2 0 _current U]
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8 HCAM
Q: 15} 1
~. /
[&] X
g 1.0F “u= 4
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QX ost S T — 1
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Figure 5: Relative contact resistance of CDI cells with Ti foil current collectors in different
concentration NaCl electrolytes (solid line). The dashed line shows the theoretical
dependence of contact resistance on solution conductivity if the spacer was electrolyte
based. The dependence of R, ON electrolyte conductivity suggests that the substance
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separating the HCAM electrode from the Ti current collector is not electrolyte. Error bars
are one standard deviation

Internal Ionic-Transfer Resistance

By using four-wire measurements, we can factor out anomalous contact effects like that
shown for the Ti electrodes above or that observed by Qu et al*® and Gaberscek et al.*®
Thus, we now examine the remaining arc, which we attribute to an internal ionic-transfer
resistance. To separate ionic-transfer from other resistances in the cell, we fit the model
described by Eqns. (3-5) to impedance measurements performed in a four-wire
measurement mode. Fig. 6 (a) presents such fits to Eqns. (3-5) of impedance data taken
from a two-electrode assembly (I;= 1025 ym) in 50-2000 mM NacCl solutions. We chose to
examine fit parameters over a wide range of electrolyte solution resistivities because an
obvious linear relationship similar in form to Eqns (7,8) is expected between at least some
of the fit parameters (e.g., R4, Rs) and electrolyte conductivity. While the numerous fitting
parameters of Eqns. (3-5) make reliable parameter extraction difficult, Fig. 6 (b) generally
demonstrates the expected linear scaling with electrolyte resistivity. It is the scaling of
these various resistors, and in particular R,,4, that cause the impedance spectrum to shift so
dramatically in Fig. 6 (a). From this analysis, we find that the storage pore resistance R is
insignificant compared to series resistance (R, + Riz) and Rpu (Fig. 6 (b)), which was also
found by Suss et al.'* with activated HCAM materials like the ones examined here. For
further confidence in the fitting procedure, we also plot in Fig. 6 (b) linear fits (solid lines)
in order to highlight the observed expected relationship between parameters like R,,4 and
R,y and solution resistivity. It is noteworthy that the fitting parameter C,, is on the order of
0.1 F, which is too small to be a micropore effect and too large to be a stray capacitance.
Such a value is plausible as the capacitance of the macropore walls, which is consistent with

the original assignment of Suss et al.'* for a weakly activated material.®3
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Figure 6: (a) EIS spectra from a 2x2.5 cm two electrode cell (I;;= 1025 um) contacted with a
4-point probe in a stirred 0.5-1 L beaker containing 50-2000 mM NaCl concentrations in
deionized water. (b) Resulting resistance values from full fits to Eqns. (3-5). Error bars
come from the uncertainty of the fits. The full list of parameters used to fit the EIS spectra
can be found in Table S1. The lines in (b) are linear fits to the fitted resistance value vs.
solution resistivity.

Interestingly, we find that this internal ionic-transfer resistance R, is the lowest
resistance of the system and yet is responsible for the small arc at medium-high frequency
in Fig. 6 (a), caused by its parallel combination with the electrode wall capacitance C,. Our
model shows that R, has a significant impact on the shape of the EIS curve with a small
change in the internal ionic-transfer resistance (Fig. S2). The difference between the direct
interpretation of the ionic-transfer arc, in which R.;is equal to the width of the arc, and the
true value of R, as found by the modified Suss et al.'* model is due to the fact that R, is
embedded in the nested transmission line model of the porous electrode, as seen in Fig.
1(b). Many models place R in series with the transmission line, similar to where we place
Rcontacs however this would imply a different mechanism behind R,,, essentially mislabeling
the contact resistance as an ionic-transfer process. This difference in interpretation of R is
crucial because the more straightforward interpretation would lead one to believe that it is

a significant contributor to overall Ohmic power dissipation (Fig. S2). The model of R.;used
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herein implies that the internal ionic-transfer resistance represents a hindrance to the ions
entering the storage pores (micropores) of the electrode whereas other models would
indicate that R, is not necessarily originating from entry into the micropores.'8

The hypothesis of a hindrance to storage pore entrance has a plausible molecular
mechanism. For example, at sufficiently high applied potentials, solvation shell layers of
ions need to be distorted for these to fit into small pores, as suggested by Suss et al.l* A
second plausible (and not necessarily independent) possible mechanism is a transit time
delay of ions moving from macropores to micropores, which would help explain the
observed dependence of R, on electrolyte resistivity in Fig. 6b'° To explore the former
mechanism further, we performed experiments with several ions of varying solvation
energies. As shown in Figure 7, we found that internal ionic-transfer resistance decreases
with decreasing strength of hydration. Further, we found that the ionic-transfer arc is
significantly less pronounced with more strongly activated of the electrodes (Fig. S3),
which are known have a wider micropore size distribution.!* We caution that this effect
may not be the same in other systems, particularly non-CDI electrodes in which diffusion
through surface films on the electrodes may be the cause of the mid to high-frequency arc.%”
Our observations also suggest that a voltage-dependent study (and comparison of EIS
spectra for ions of varying solvation) could shed light on the origin of R, as an applied
electric field would be expected to lower the activation energy of the process, which has
been observed previously by Suss et al.’#%® In any case, our conclusion is that R..has a small

contribution to Ohmic power dissipation.
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Figure 7: (a) EIS spectra from 2x2.5 cm two electrode cell (I;= 1025 pum) in a stirred beaker
of 15 mM electrolyte with fits from Eqns (3-5). The full set of fitting parameters are shown
in Table S1. (b) Internal ionic-transfer resistance, extracted from the fits in (a), plotted
against total hydration free energy of the electrolyte and electrolyte conductivity (inset).®®

Since we can now be confident that R, is a negligible contributor to Ohmic dissipation,
we turn to an analysis of the primary resistances in the CDI cell. For this we use a simpler

interpretation of EIS curves, described by Fig. 1 (d) and Eqgns. (6-8), which does not involve

complex fitting procedures.
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Figure 8: (a) EIS spectra of two 2 x 2 cm electrodes with different numbers of separators
stacked between them. (b) The value of the internal series resistance (R, + Riz) plotted
against number of separators. The slope of the line gives the resistance per separator used.
The inset shows the spectra from (a) with Ry, +R;zxsubtracted. This data is also presented by
Hawks et al.®?in their supplementary information.

From the full EIS fits performed to extract charge-transfer resistance, we have established
that the simple analysis of Fig. 1 (d) is applicable. We can now use this analysis to extract
series resistance, here defined as the sum of external electronic resistance (Rgx), internal
electronic resistance (Ry:), and separator resistance (R,y). In particular, we focus on the
internal series resistance (R + Ryp), which excludes the external electronic resistance and

the complex nature of the contact resistance. From Fig. 6, the internal series resistance (R
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+ R,,) was the second largest contributor to total cell resistance as measured in fourwire
mode. By examining the measured real and imaginary parts of the four-wire impedance at
high-frequency, we obtain the internal series resistance R +Rs, from the intersection of the
curve with Im(Z,,,) = 0. By plotting the intercept for multiple separator thicknesses, we are
able to decouple the separator and internal electronic resistances.®? Fig. 8 (a) shows EIS
spectra taken on a 2x2 cm HCAM assembly in 20 mM (2.4 mS/cm) NaCl solution with 1025
um thick electrodes. From Fig. 8 (a), it is clear that increasing the number of separators
shifts the impedance curve to higher resistances without substantially changing the shape
of the Nyquist plot. This is further emphasized by the inset of Fig. 8 (b), which shows that
the impedance curves overlay one another to a reasonable degree when the internal series
resistance (Riz+Rsp) is subtracted out. As expected, the internal series resistance is linearly
dependent on separator thickness, where here the slope reveals the resistance of an
individual separator (Rs,) and the intercept reveals the internal electronic resistance, Rz
(Fig. 8 (b)). Here we attribute the internal electronic resistance (R;) to in-plane current
flow in the HCAM electrode due to the finite distance between the distributed area of the

electrode and the points of contact of the four-wire setup (Fig. 1).
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Ionic Resistance within the Electrodes and Tortuosity
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Figure 9: EIS spectra from 2x2.5 cm two electrode cells (I;;= 355, 600, 1025 um) contacted
with a 4-point probe in a stirred beaker containing 0.5-1 L of 50-2000 mM NaCl. The data in

(c) is identical to that in Fig. 6 (a).

Re(Z) (Q-cm?)

23

Page 24 of 41



Page 25 of 41 Environmental Science: Water Research & Technology

12 (a) 4
" Ryt Rer

10t linear fit 4
b 2Re:l

(o]

linear fit

~

Resistance (Q-cm?)
(o]

Resistance (Q-cm?)

Resistance (Q-cm?)

O 1 L 1 1 1
0 20 40 60 80 100

Solution Resistivity (Q2-cm)

Figure 10: Results from extracting R.; and internal series resistance (R +Rs,) from Fig. 9
according to the definitions in Fig. 1(d) and Eqns. 7 and 8 for different thickness electrodes.
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Figure 11: The overall electrode material tortuosity obtained by examining the slope of R,
vs. 1/k from Fig. 10 as a function of electrode thickness. The linear fit was forced to have a
zero intercept. The slope corresponds to an average electrode material tortuosity of 1.43 +
0.09, which is consistent with an effective Bruggeman porosity of p,,4 = 0.54 which is very
close to the value we estimate through material density and microporosity (Table 1).5¢

We now turn our simplified analysis toward the electrode macropore ionic resistance,
which is the largest contributor to the total Ohmic dissipation in our devices when
measured in a four-wire configuration (Fig. 6). We explored the electrode material
properties responsible for this resistance by testing different electrode thicknesses and
electrolyte concentrations. Fig. 9 plots all the EIS data taken for three different electrode
thicknesses (I,;= 355, 600, 1025 um) over a wide NaCl concentration range (15-2000 mM).
Notably, only the thicker electrodes displayed a pronounced R, arc at mid to high
frequencies. While this appears to be a prominent feature, in fact it is small compared to
the other resistances in the system (Fig. 6). Because here R, and R, are small compared to
the electrolyte resistance in the pores, we can estimate R, according to Eqns. (6-8) and Fig.
1 (d). Fig. 10 displays the results of extracting 2R.;and R,z + Ry, from Fig. 9 according to the

definition in Fig. 1(d) and Eqn. 6. Note that only the curves which turned up sufficiently
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steeply could be analyzed, and thus all the 15 and 50 mM data and the 100 mM curve for
the 1025 um thick electrode were exempt from analysis.

Fig. 10 clearly shows that 2R, as obtained by the simple analysis from Fig. 9 is linear
with solution resistivity (measured by a bench-top electrolyte conductivity probe), as
expected from Eqn. 8. Thicker electrodes, while expected to provide a larger capacitance,
also have a much larger increase of 2R, with increasing solution resistivity, creating a
trade-off in cell design. Using the slopes obtained from Fig. 10 and assuming constant
tortuosity, we extract the average tortuosity of the electrode macropores by plotting the
slope of 2R, vs. 1/k against electrode thickness, where the slope is equal to 21,T,,4/3Apma-
This analysis gives a slope of the best-fit line equal to 21,,4/3Apa, Wwhich reveals a material
tortuosity of 1.43 + 0.09 (Fig. 11), using the average p4 value for the material from Table 1.
This value is in excellent agreement with the Bruggeman approximation of 1.36 using a
constant macroporosity of 54%. The value of tortuosity found here (1.43 * 0.09) is
significantly lower than that previously estimated for carbon aerogels (~3.5),%%7° but is
consistent with the SEM images (Fig. S1) showing an open and highly porous network.
Overall, this suggests that our HCAM materials are excellent for minimizing electrode ionic

resistances, which as discussed above are a major contributor to overall cell resistance.

Overall Resistance Breakdown and Implications for Cell Design

Finally, with an understanding of what each feature of the EIS spectrum represents, we
now analyze their relative impacts for our CDI cell design. The resistance breakdown
presented in Eqns. (6-8) has important implications for prioritizing which resistances to
minimize, especially when considering how to scale devices from the laboratory bench to
practical commercial sizes. We note that this analysis applies to low-frequency electrical
operation where significant depletion of the electrolyte does not occur. Fortunately, such a

situation
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is applicable to a wide range of CDI operation.”’-73 Given these assumptions, we find that
electrode ionic resistance is the largest contributor to the overall resistance picture;
though, for this to be the case, it is essential that the external electronic and contact
resistances be minimized (Fig. 12).

In order to obtain a sense of how the overall resistance picture changes with the
electronic component, Fig. 12 plots the relative power consumption of the respective
elements versus the electronic resistance of the device. Since electronic resistance is highly
dependent on device design and assembly, we examine its impact by varying its value over
three orders of magnitude. In terms of scaling, the relative power consumption plotted in

Fig. 12 is understood from

P=JR (9)

where P is the power density (mW/m?), ] is the current density (mA/cm?), and R is the
relevant resistance of Fig. 1 multiplied by the electrode face-area (Q-cm?). Notably, Eq. (9)
ignores how R depends on the applied frequency of /747> Nevertheless, from Eq. 9 it is clear
that power dissipation density is related to area-normalized resistance in (Q-cm?. We note
that while electrode and separator resistances scale inversely with the electrode face area,
in practice the external electronic resistances are unlikely to decrease as rapidly with
increasing electrode size, making their relative contribution to overall power dissipation
likely higher with larger electrode size. Fortunately, though, external electronic resistances

can be engineered to be quite low.?

Lastly, our conclusion that R,; is larger than the separator resistance is opposite to the
results of Dykstra et al.,>! who found that the resistance in the separator was largest in a
MCDI cell. There are several possible reasons for this discrepancy. Dykstra et al.>! modeled
and tested MCDI cells in which, during operation, the ion concentration is higher in the

electrode macropores than in the separator channel, which is likely not the case for
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membrane-free cells. Furthermore, the separators used by Dykstra are more than three
times the thickness of our separators due to the differences in cell architecture. Perhaps
most importantly, Dykstra’s model initially did not consider how the current varies across a
porous electrode.>! Later, when these factors are accounted for, the ionic resistance in the
electrodes was found to be significantly higher and more comparable to the separator

resistance.>?
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Figure 12: A breakdown of the total cell resistance for different electronic resistances (R +
R::z). Separator and electrode resistances were calculated using Eqns. 7 and 8 with I, = 90
pum, Iy =350 um, 7o, = 1.2, Ta = 1.36, psp = 0.47, pma = 0.55, and k = 1.684 mS/cm.

The relative power dissipation is defined using Eq. 9 and considering the total cell
resistance as defined in Eqn. (6) and Fig. 1.
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Conclusion

We have presented a theoretical and experimental breakdown of the resistances within a
CDI cell. We found that the anomalous high-frequency arc often seen in the impedance
spectra of a CDI device can be either due to the contact impedance between the current
collector and electrodes or due to an internal ionic-transfer resistance. In our system, we
assign the ionic-transfer resistance to a hindrance impeding the ions from entering the
storage micropores of the activated carbon electrode. We separate these effects by
comparing two-wire and four-wire measurements and find that titanium current collectors
are not ideal because the contact resistance grows significantly over time. We further
investigate the nature of internal ionic-transfer resistance and find that it is negligible
compared to other cell resistances. Additionally, we examined the other cell resistances
that contribute to the total cell Ohmic power loss to understand their relative impact. In
our system, we find that the ionic resistances within the electrode are the largest
contributor to the total cell resistance for a reasonably low external electronic resistance (<
20 Q-cm?). Overall, this work outlines a comprehensive framework for extracting all the
various contributors to the overall cell Ohmic power dissipation, which is a powerful tool

for future CDI cell optimization and scale-up.
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